Elevated exposure to manganese is known to cause neurodegeneration in the basal ganglia and to induce movement abnormalities called manganism. However, the underlying mechanism of action is not fully understood. Activation of the resident immune cells in the brain, microglia that release a variety of neurotoxic factors, has been implicated to contribute to neurodegeneration. Of the various neurotoxic factors released by activated microglia, reactive oxygen species such as superoxide and hydrogen peroxide are particularly detrimental to the survival of the oxidative damage-prone neurons. In this study, we report that exposure of rat microglia to manganese chloride (MnCl 2 ) resulted in a time-and concentration-dependent release of hydrogen peroxide (H 2 O 2 ). The MnCl 2 -stimulated microglial H 2 O 2 release was sensitive to inhibitors of mitogen-activated protein kinases (MAPK) but not that of NADPH oxidase. MnCl 2 induced a rapid activation of the extracellular signal-regulated kinase (ERK) and p38-MAPK in microglia that appeared to precede the MnCl 2 -induced H 2 O 2 release, suggesting that ERK and p38-MAPK influenced the MnCl 2 -induced H 2 O 2 release in microglia. In summary, these results demonstrate that manganese chloride is capable of activating microglia to release ROS and MAPK may, in part, be key regulators of the process. These findings may shed significant light on the potential role of microglia in the manganese-induced neurotoxicity.
Introduction
Overexposure to manganese under certain occupational or dietary conditions is known to result in significant neurotoxicity to the extrapyramidal system and the development of Parkinson disease (PD)-like movement disorders called manganism (Barbeau 1984; Aschner et al., 2005; Martin 2006) . In animal models of manganese neurotoxicity, administration of manganese has been shown to lead to elevated levels of manganese in the brain, depletion of dopamine in the striatum, damage to neurons in the basal ganglia, and/or the development of movement disorders in rats, mice and monkeys (Autissier et al., 1982; Bonilla and Prasad 1984; Bird et al., 1984; Eriksson et al., 1987; Komura and Sakamoto 1992) . One of the proposed mechanisms for excessive manganese in the brain to induce neurotoxicity is the induction of oxidative stress in dopamine neurons (Donaldson et al., 1982; HaMai and Bondy 2004 example, depletion of glutathione, the major intracellular anti-oxidant molecule, by inhibition of its biosynthesis potentiates the manganese-induced toxicity in the human SK-NS-H neuroblastoma and the rat pheochromocytoma PC12 cells (Desole et al., 1997; Stokes et al., 2000; Dukhande et al., 2006) . Replenishment of glutathione protects SK-N-SH neuroblastoma cells from manganese-induced toxicity (Stredrick et al., 2004) . Neuron death has been attributed to manganese-induced free radical generation, glutathione depletion, and dopamine oxidation inside the affected neurons. (Donaldson et al., 1981; Shi and Dalal 1990; Mainho and Manso 1993; Desole et al., 1997; Stokes et al., 2000; HaMai and Bondy 2004; Stredrick et al., 2004; Dukhande et al., 2006) .
Increasing evidence indicates that the resident brain immune cells, microglia, contribute to neurodegeneration through the release of neurotoxic factors that include various types of reactive oxygen species (ROS) (Vila et al., 2001; Liu and Hong 2003; McGeer and McGeer 2004; Liu 2006) . Of the various pro-inflammatory and cytotoxic factors released by activated microglia, free radicals are particular deleterious to neurons. Accumulation of microgliaoriginated free radicals leads to neuronal damage through structural and functional modification of proteins, DNA and RNA, and induction of lipid peroxidation that results in the eventual demise of the affected neurons (Facchinetti et al., 1998) . Furthermore, studies have shown that the distribution of microglia in the brain is not uniform and the midbrain region that encompasses the basal ganglia is particularly enriched in microglia (Lawson et al., 1990; Kim et al., 2000) . Therefore, the combination of susceptibility to oxidative stress and the abundance of microglia in the midbrain region may render basal ganglial neurons particularly vulnerable to ROS generated from activated microglia.
In this study, we determined the effects of micromolar concentrations of MnCl 2 on the release of hydrogen peroxide (H 2 O 2 ) in immortalized rat microglial cells and primary microglia. Pharmacological inhibition and immunoblotting analysis were performed to determine the potential underlying mechanisms of action.
Materials and methods

Materials
Heat-inactivated fetal bovine serum (FBS), Dulbecco's modified Eagle's medium (DMEM), phenol red-free DMEM, DMEM/nutrient mixture F12 (1:1, DMEM/F12), supplements, and 8-16% SDS polyacrylamide gels were from Invitrogen (Carlsbad, CA). Poly-D-lysine and manganese chloride (MnCl 2 ) and hydrogen peroxide (30%) were obtained from Fisher Scientific (Fair Lawn, NJ). Fluoro H 2 O 2 detection kit was from Cell Technology (Mountain View, CA). Superoxide dismutase (SOD) and catalase were from EMD Biosciences (San Diego, CA). Monoclonal antibodies against phospho-p44/42 (Thr202/Tyr204) extracellular signal-regulated kinase (ERK1/2), phospho-p38 (Thr180/Tyr182) mitogen-activated protein kinase (MAPK) and phospho-stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK) (Thr183/Tyr185), polyclonal antibodies against total ERK1/2, p-38 MAPK, and SAPK/ JNK, horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse secondary antibodies, and pre-stained protein molecular weight standards were from Cell Signaling Technology (Beverly, MA). MAPK inhibitors U0126, SB202190, and SP600125 were from Alexis Biochemicals (San Diego, CA), prepared as 50 mM stock solutions in dimethyl sulfoxide (DMSO) and stored at −20°C in dark. Diphenylene iodonium (DPI) was from Molecular Probes (Eugene, OR) and stored at −20°C in dark as a 20 mM stock solution in DMSO. Apocynin was from Fluka (Milwaukee, WI) and prepared fresh and sterile for each treatment as a 200 mM stock solution in double distilled water. SuperSignal West Dura extended detection substrate and the Micro BCA protein assay kit were from Pierce (Rockford, IL). The Complete mini protease inhibitor cocktail tablets were from Roche (Indianapolis, IN). All other reagents were from Sigma (St. Louis, MO).
Microglial cell line culture
The rat microglial HAPI cells (Cheepsunthorn et al., 2001 ) were maintained at 37°C in DMEM supplemented with 5% FBS, 50 U/ml penicillin and 50 µg/ml streptomycin in a humidified environment with 5% CO 2 and 95% air as we previously described (Wang et al., 2004) . For treatment, HAPI cells were seeded at 5 × 10 4 /well of 96-well plates (for H 2 O 2 detection) or 7.5 × 10 5 /dish of 6-cm culture dishes (for Western blot) and grew for 2 days before treatment.
Primary microglia and astroglial cultures
Rat primary microglia and astroglia were prepared from the brains of 1-day-old Fisher F344 rat pups (Charles River Laboratories, Wilmington, MA) as previously described (Liu et al., 2001) . All procedures were performed in compliance with the protocol approved by the University of Florida Institutional Animal Care and Use Committee. Briefly, whole brains, devoid of meninges and blood vessels, were dispersed by a mil mechanical trituration. Cells (2 × 10 7 ) were seeded to poly-D-lysine-coated 175 cm² culture flasks and maintained in DMEM/F12 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 µM non-essential amino acids, 50 U/ml penicillin and 50 µg/ml streptomycin at 37°C in 5% CO 2 and 95% air. The medium was changed 4 days after seeding and the cultures (mixed glia) were ready for harvesting microglia 10 days later. Microglia were gently shaken off the mixed glia cultures, collected by centrifugation and seeded at 7.5 × 10 4 /well of poly-D-lysine-coated 96-well plates (for H 2 O 2 detection) or 2 × 10 6 /well of poly-D-lysine-coated 6-well plates (for Western blot) and grew overnight in DMEM supplemented with 10% FBS, 50 U/ml penicillin and 50 µg/ml streptomycin in a humidified environment with 5% CO 2 and 95% air before use. To obtain astroglia, the post microglia harvest mixed glia cultures were passaged five consecutive times and then seeded at 7.5 × 10 4 /well of poly-D-lysine-coated 96-well plates and grew overnight in DMEM supplemented with 10% FBS, 50 U/ml penicillin and 50 µg/ml streptomycin in a humidified environment with 5% CO 2 and 95% air before treatment. The purity of the microglia and astroglia was ≥98% as determined by immunostaining for cell typespecific markers as we previously described (Liu et al. 2001 ).
Treatment
For each treatment, a stock solution (1 M) of MnCl 2 was prepared fresh in sterile de-ionized and distilled water and sterilely filtered (0.2 µm). Secondary stock solutions (1000 fold) were then prepared in sterile de-ionized and distilled water. The de-ionized water was freshly collected from a Model D11931 NANOpure Diamond UV/UF de-ionization system (Barnstead International, Dubuque, IA) using distilled water as the source. The residual levels of metals such as arsenic, cadmium, chromium, lead, manganese, and nickel are less than 0.005, 0.003, 0.004, 0.003, 0.002, and 0.004 ppb, respectively. Calculated quantities of the secondary stock solution were mixed with treatment medium to achieve the desired final concentrations. For treatment, cells were rinsed twice with, and conditioned for 2 hr, in warm treatment media. Treatment media used for treatment periods that were ≤ 6 hr was serum-free phenol red-free DMEM, and for the 24-hr time point, phenol red-free DMEM containing 1% FBS. For inhibitor studies, cells were pretreated in serum-free and phenol red-free DMEM for 30 min with vehicle control or inhibitors prior to treatment with MnCl 2 . The total volume of treatment media was 100 µl/well for 96-well plates, 2 ml/well for 6-well plates, and 3 ml/dish for 6-cm dishes. Treatment was performed at 37°C with 5% CO 2 and 95% air in a humidified environment.
Measurement of H 2 O 2 release
The Fluoro H 2 O 2 detection kit is based on a peroxidase catalyzed oxidation by H 2 O 2 of the non-fluorescent substrate 10-acetyl-3,7-dihydroxyphenoxazine to a fluorescent resorufin following the manufacturer's suggested protocol (Zhou et al., 1997) . Briefly, following treatment, 50 µl of supernatant from each well of the 96-well plate was mixed, in an opaque 96-well assay plate, with 100 µl of freshly prepared reaction cocktail diluted in the same media that was used to treat the cells. The reaction mixture was incubated in dark for 10 min at room temperature. Fluorescent intensities were measured at 530 nm (excitation)/590 nm (emission) using a Synergy HT multi-well plate reader (BioTek Instruments, Winooski, VT). The amounts of H 2 O 2 in the supernatants were derived from a seven-point standard curve generated with known concentrations of H 2 O 2 (0.125 -4 µM final concentration) freshly diluted in the same media as the samples in triplicate.
Preparation of total cell lysate
Following treatment, HAPI cells in 6-cm dishes or primary microglia in 6-well plates were rinsed three times with ice-cold phosphate buffered saline (PBS). Cells were then scraped into 300 µl of cold lysis buffer consisting of 50 mM Tris-HCl, pH 7.4, 150 mM sodium chloride, 1% NP-40, 0.5% SDS, 0.5% sodium deoxycholate, 2 mM EDTA, 0.5 mM EGTA, 1 mM sodium fluoride, 1 mM sodium molybdate, 1 mM sodium orthovanadate, 5 mM β-glycerolphosphate and the Complete mini protease inhibitor cocktail as previously described (Liu et al., 2001) . Cells were homogenized (10 passes) with a Teflon pestle glass homogenizer and the homogenates were centrifuged at 4°C for 1 hr at 20,000 × g. The supernatants were saved and stored at −80°C. Protein concentrations were determined using the Micro BCA protein assay reagents using bovine serum albumin (BSA) as a standard as previously described (Liu et al., 2001 ).
Western blot analysis for MAPK activation
Proteins (20 µg/lane) were mixed with 5X SDS sample buffer and separated on 8-16% TrisGlycine SDS-PAGE gels and transferred, electrophoretically, to nitrocellulose membranes as previously described (Zhang et al., 2000) . After blocking for 2 hr in PBS-0.1% Tween-20 (T-PBS) containing 5% milk (blocking solution), the membranes were incubated overnight at 4°C with a monoclonal antibody against phospho-ERK, phospho-p38 MAPK, or phospho-JNK diluted (1:1000) in T-PBS containing 3% BSA. After washing with T-PBS, the membranes were incubated for 1 hr at room temperature with HRP-conjugated goat-anti-mouse IgG diluted (1:5000) in blocking solution. After washing with T-PBS, the bound antibody was visualized with the SuperSignal West Dura chemiluminescent reagents. Images were recorded using a Bio-Rad ChemiDoc XRS digital imaging system and the intensities of phospho-MAPK bands were quantified with the BioRad Quantity One software. For equal loading verification, in addition to loading the same amount of total proteins for each lane and confirming the total protein transfer efficiency with Ponceau S (0.1%) staining of the transferred nitrocellulose membranes, the probed membranes were striped and re-probed with corresponding antibodies against total ERK, total p38 MAPK, or total JNK. Briefly, the probed membranes were incubated for 20 min at 55°C with a stripping buffer (65 mM Tris-HCl, pH 6.7, 100 mM β-mercaptoethanol and 2% SDS). Afterwards, the membranes were washed extensively with T-PBS, blocked for 2 hr with blocking solution, and incubated overnight at 4°C with a polyclonal antibody against total ERK, p-38 MAPK or JNK diluted (1:2000) in T-PBS containing 3% BSA. Bound primary antibodies were detected by incubation for 1 hr with HRP-conjugated goat anti-rabbit IgG diluted (1:7500) in blocking solution, detected with the SuperSignal West Dura chemiluminescent reagents, and recorded with the BioRad ChemiDoc XRS digital imaging system.
Statistical Analysis
For statistical significance, data were analyzed with one-way ANOVA followed by Bonferroni/ Dunn post hoc analysis using the StatView program (SAS Institute, Cary, NC). A p value of < 0.05 was considered statistically significant.
Results
MnCl 2 stimulates HAPI cells to release H 2 O 2
To determine whether MnCl 2 would stimulate microglia to release of H 2 O 2 , HAPI cells in 96-well culture plates were treated with 0 (vehicle: 0.1% water), 0.33, 1, 3.33, 10, or 33 µM of MnCl 2 for 0.25, 1, 3, 6, or 24 hr. Portions of the supernatants were removed and the amounts of H 2 O 2 in the supernatants were determined with the Fluoro H 2 O 2 reagents. As shown in Figure 1 , MnCl 2 stimulated a time-and MnCl 2 concentration-dependent increase in the H 2 O 2 -specific fluorescent intensity in the supernatants from MnCl 2 -treated HAPI cells. At the 0.25-hr time point, levels of H 2 O 2 in the supernatants from the vehicle-treated control cells did not differ significantly from those treated with any concentration of MnCl 2 used in the study. However, by 1 hr after MnCl 2 treatment, compared to the vehicle-treated control cells, significantly elevated amount of H 2 O 2 was observed in the supernatant from cells treated with 1 µM or a higher concentration of MnCl 2 . The MnCl 2 -stimulated elevation in H 2 O 2 in the supernatants continued to increase and by 6 hr post MnCl 2 treatment, the amount of H 2 O 2 in the supernatant from cells treated with the lowest concentration (0.33 µM) of MnCl 2 used in this study was significantly greater than that of the time-matched control cells (Fig. 1) . After the 6-hr time point, the MnCl 2 -stimulated elevation in H 2 O 2 seemed to have reached a plateau, although significantly elevated levels of H 2 O 2 were still detected at 24 hr, the longest time point examined (Fig. 1) . The viability of the cells, as judged by the MTT assay (Liu et al., 2001) was not significantly affected by treatment with those concentrations of MnCl 2 for up to 24 hr (data not shown).
To further ascertain the identity of the MnCl 2 -stimulated fluorescent signals detected by the Fluoro H 2 O 2 reagents, we next pretreated HAPI cells for 15 min with increasing concentrations of catalase (0.4 -50 units/ml) prior to treating the cells with vehicle control or 10 µM MnCl 2 . Six hours later, the amounts of H 2 O 2 in the supernatants were determined. As shown in Fig. 2A , compared to the cells treated with 10 µM MnCl 2 alone, pretreatment of HAPI cells with catalase dose-dependently reduced the amounts of H 2 O 2 detected. Pretreatment with 50 U/ml catalase reduced the amount of H 2 O 2 detected to that of the control cells ( Fig. 2A) . In contrast, pretreatment of HAPI cells with 10 or 50 units/ml SOD prior to treatment with 10 µM MnCl 2 for 6 hr, did not have any significant effect on the amount of H 2 O 2 detected in the supernatant, compared to that found from cells stimulated with 10 µM MnCl 2 alone (Fig. 2B) . No significant effects on the basal levels of H 2 O 2 were observed when cells were treated with 50 U/ml of catalase or SOD alone (Fig. 2) .
Effect of NADPH oxidase and MAPK inhibitors on MnCl 2 -stimulated release H 2 O 2 in HAPI cells
To elucidate the potential mechanism of action responsible for the MnCl 2 -stimulated H 2 O 2 release in HAPI cells, we first tested the effect of NADPH oxidase inhibitors since NADPH oxidase is the primary enzyme system for ROS generation in immune cells of the brain and peripheral system (Babior 2004) . Preincubation of HAPI cells for 15 min with 2 or 10 µM of DPI which inhibits the catalytic activity of NADPH oxidase (Irani et al., 1997) prior to stimulation with 10 µM of MnCl 2 for 6 hr did not have any significant effect on the MnCl 2 -stimulated release of H 2 O 2 (Fig. 3A) . Furthermore, no significant effect on MnCl 2 -stimulated (10 µM, 6 hr) release of H 2 O 2 was observed when HAPI cells were preincubated with 20 or 100 µM apocynin which prevents the assembly of the NADPH oxidase complex (Stolk et al., 1994) .
Since members of the MAPK play important roles in a wide range of cellular functions in response to various extracellular insults (Johnson and Lapadat 2002) , we next examined whether inhibitors of MAPK had any effect on the MnCl 2 -stimulated release of H 2 O 2 in HAPI cells. We used U0126, SB202190, and SP600125 that are selective inhibitors of ERK, p38 MAPK, and JNK respectively (Favata et al., 1998; Davies et al., 2000; Bennett et al., 2001) . Preincubation of cells for 15 min with U0126 (0.4-25 µM) prior to stimulation with 10 µM MnCl 2 for 3 hr dose dependently reduced the MnCl 2 -stimulated release of H 2 O 2 (Fig. 3B) . Compared to that of the MnCl 2 -stimulated cells, pretreatment with 2, 10 and 25 µM U0126 reduced the MnCl 2 -stimulated release of H 2 O 2 by 28%, 39% and 54%, respectively (Fig. 3B) . In addition, the MnCl 2 -stimulated release of H 2 O 2 in HAPI cells was also dose-dependently reduced by pretreatment of cells with SB202190 (Fig. 3C) . A reduction of 31%, 42% and 58% was observed in cells pretreated with 1, 5 and 25 µM SB202190, respectively (Fig. 3C) . In contrast, no significant effect on the MnCl 2 -stimulated release of H 2 O 2 in HAPI cells was observed when cells were pretreated with 0.4-25 µM SP600125. Inclusion of vehicle (0.05% DMSO) did not have a significant effect on either the basal or MnCl 2 -stimulated release of H 2 O 2 (Fig. 3B) . Similarly, treatment with 25 µM of any of the three MAPK inhibitors did not have a significant effect on the basal levels of H 2 O 2 release (Fig. 3B-C) .
MnCl 2 -stimulated release of H 2 O 2 in primary microglia
Besides the HAPI microglial cell line, we next determined the effect of MnCl 2 on the release of H 2 O 2 in primary rat microglia. As shown in Fig. 4 , treatment of primary microglia for 6 hr (Fig. 4A ) or 24 hr ( Fig. 4B ) with 1 and 10 µM MnCl 2 resulted in a significant release of H 2 O 2 . Interestingly, in rat primary astrocytes stimulated with MnCl 2 under the same conditions, a time and concentration-dependent increase in H 2 O 2 release was observed ( Fig.  4A and 4B) . However, the increases were statistically insignificant compared to the control.
Similar to that observed for the HAPI microglial cell line ( Fig. 2 and 3) , the MnCl 2 -stimulated release of H 2 O 2 in primary microglia was significantly reduced by preincubation with catalase (10 and 50 U/ml), U0126 (25 µM), or SB202190 (25 µM), but not SOD (50 U/ml) and SP600125 (25 µM) (Fig. 4C) . A 35%, 67%, 55% and 60% inhibition of the MnCl 2 -stimulated H 2 O 2 was observed in microglia pretreated with 10 U/ml catalase, 50 U/ml catalase, 25 µM U0126, and 25 µM SB202190, respectively.
MnCl 2 induces a rapid activation of ERK in HAPI cells
To further explore the relationship between MnCl 2 -stimulated release of H 2 O 2 and MAPK activation, we first determined the time course for ERK activation in HAPI cells following MnCl 2 stimulation. MnCl 2 induced a time-dependent activation of ERK, as determined by Western blot analysis for phospho-ERK (p42/p44). At 0.25 hr following stimulation with 10 µM MnCl 2 , the degree of ERK activation increased by 2 fold over of that of the control cells (Fig. 5A) . MnCl 2 -stimulated ERK activation continued to increase with increasing treatment time until it reached a plateau at 2 hr, at which time point, MnCl 2 (10 µM)-induced ERK activation was 10 fold of that of the control cells. Afterwards, the magnitude of the MnCl 2 -induced ERK activation started to gradually decline but remained significantly elevated at 6 hr post stimulation (Fig. 5A) . In HAPI cells stimulated with 0-10 µM MnCl 2 for 3 hr, significant ERK activation was observed in cells stimulated with the lowest (1 µM) concentration used (Fig. 5B) .
Preincubation of HAPI cells with the ERK inhibitor U0126 prior to stimulation with 10 µM MnCl 2 for 3 hr dose-dependently inhibited the MnCl 2 -stimulated ERK activation (Fig. 6A ). U0126 at 2, 10, and 25 µM reduced the MnCl 2 -stimulated ERK activation by 36%, 74% and 89%, respectively. The degree of inhibition (89%) by 25 µM U0126 for the MnCl 2 -stimulated ERK activation was more prominent that (46%) for the MnCl 2 -stimulated H 2 O 2 release (Fig.  3B) . No significant effect on the basal level of MnCl 2 -stimulated ERK activation was observed in cells exposed to the vehicle (0.05% DMSO) alone.
To determine the relationship between ERK activation and the released H 2 O 2 , HAPI cells were pretreated with catalase prior to stimulation with 10 µM MnCl 2 for 3 hr. As shown in Fig. 6B , preincubation of cells with 10-100 U/ml of catalase did not have any significant effect on the MnCl 2 -stimulated ERK activation.
Effect of MnCl 2 on the activation of p38 MAPK in HAPI cells
Next we determined the relationship between MnCl 2 -stimulated H 2 O 2 release and p38 MAPK activation. HAPI cells were stimulated with 10 µM MnCl 2 for 0-6 hr and the activation of p38 MAPK was analyzed by Western blot for phospho-p38 MAPK. As shown in Fig. 7A , MnCl 2 treatment induced a time-dependent activation of p38 MAPK in HAPI cells. At 0.25 hr following MnCl 2 stimulation, the band intensity of phopho-p38 MAPK increased by 1.5 fold over the 0 hr time point, though the increase was statistically insignificant. Significant activation of p38MAPK was evident by 0.5 hr following MnCl 2 stimulation and the degree of p38 MAPK activation continued to increase over time until it reached a plateau by 2-3 hr following MnCl 2 stimulation, at which time point, a 4 fold increased over control cells was observed (Fig. 7A) . By 6 hr after MnCl 2 stimulation, the degree of p38 MAPK activation had declined markedly but remained significant compared to the 0 hr time point. In HAPI cells treated with 0-10 µM MnCl 2 for 3 hr, a concentration-dependent p38 MAPK activation was observed (Fig. 7B) . Compared to the time course for the MnCl 2 -stimulated H 2 O 2 release (Fig.  1) , the MnCl 2 -stimulated p38 MAPK activation (Fig. 7A ) occurred slightly ahead of the former.
Preincubation of HAPI cells with the p38 MAPK inhibitor SB202190 prior to stimulation with 10 µM MnCl 2 for 3 hr dose-dependently inhibited the MnCl 2 -stimulated ERK activation (Fig.  8A) . The MnCl 2 -stimulated ERK activation was reduced by 40% and 75% in cells treated with 5 and 25 µM SB202190, respectively. Similar to that observed for the ERK inhibitor U0126, SB202190 (25 µM) was more effective in the inhibition the MnCl 2 -stimulated p38 MAPK activation (75%) than that in the MnCl 2 -stimulated H 2 O 2 release (58%, Fig. 3C ). No significant effect on the basal p38 MAPK activation was observed in cells exposed to the vehicle (0.05% DMSO). In addition, inclusion of catalase (10-100 U/ml) did not have any significant effect on the MnCl 2 -stimulated p38 MAPK activation (Fig. 8B) .
MnCl 2 -stimulated MAPK activation in primary microglia
Stimulation of microglia for 3 hr with 0-10 µM MnCl 2 resulted in a concentration-dependent activation of ERK and p38 MAPK (Fig. 9 ). Similar to that observed for HAPI cells (Fig. 5B) , stimulation with 1, 3.3, and 10 µM MnCl 2 led to a respective and statistically significant 2.1, 2.8, and 3.7 fold increase in ERK activation in primary microglia (Fig. 9A ). Significant activation of p38 MAPK was observed in primary microglia stimulated for 3 hr with 3.3 and 10 µM MnCl 2 , but not with 1 µM MnCl 2 (Fig. 9B) , similar to that observed in HAPI cells (Fig.  7B) . Preincubation of primary microglia with 25 µM U0126 or SB202190 prior to stimulation with 10 µM MnCl 2 for 3 hr nearly completely inhibited the MnCl 2 -stimulated activation of ERK (Fig. 9C ) or p38 MAPK (Fig. 9D) . The degree of inhibition by U0126 or SB202190 for MnCl 2 -stimulated activation of ERK or p38 MAPK observed here was more pronounced than that observed for MnCl 2 -stimulated H 2 O 2 release (Fig. 4C ).
Discussion
In this study, we have demonstrated that MnCl 2 , at low micromolar concentrations, stimulates a concentration-and time-dependent release of hydrogen peroxide (H 2 O 2 ) in rat microglial cells and primary microglia ( Fig. 1 and 4) . Second, the ability for catalase to reduce, in a dose dependent manner, the H 2 O 2 production ( Fig. 2A) and the inability for SOD to affect H 2 O 2 production (Fig. 2B) indicates that the predominant form of ROS released by MnCl 2 -stimulated microglia was hydrogen peroxide, but not superoxide free radical. Third, the absence of inhibitory effects by DPI and apocynin on the MnCl 2 -stimulated release of H 2 O 2 in HAPI cells (Fig. 3) suggests a lack of direct involvement of NADPH oxidase, the major contributor to ROS generation in immune cells of the brain and peripheral system (Babior, 2004) . Fourth, pharmacological inhibitor studies and immunoblotting analysis (Fig. 4-9 ) have revealed that ERK and p38 MAPK are intimately involved in the MnCl 2 -stimulated release of H 2 O 2 in microglia. Fifth, the MnCl 2 -stimulated H 2 O 2 release predominantly occurs in microglia but not astroglia. These results imply that activation of microglia may contribute to MnCl 2 -induced neurodegeneration through microglial generation of ROS and ERK and P38 MAPK play an important role in the modulation of the manganese-induced microglial activation.
MAPK kinases (ERK, JNK and p38 MAPK) play important roles in mediating a variety of cellular processes including differentiation, proliferation, and inflammatory responses through the coupling of extracellular signals to various intracellular pathways (Cuschieri and Maier 2005) . ROS are known activators of members of the MAPK family, that is, MAPK activation is a downstream event of ROS production (McCubrey et al., 2006) . In this study, however, the activity of ERK and p38-MAPK are found to exert a prominent influence on the MnCl 2 -induced H 2 O 2 release in microglia. Inhibitors of ERK and p38-MAPK significantly reduced the MnCl 2 -induced H 2 O 2 release (Fig. 3B, 3C) . Analysis of the time courses for MnCl 2 -stimulated significant ERK and p38 MAPK activation (0.25 and 0.5 hr respectively; Fig. 5A, 7A ) and that for MnCl 2 -stimulated H 2 O 2 release (1 hr; Fig. 1 ) suggests that significant MAPK activation precedes significant H 2 O 2 release. Although the detailed mechanisms responsible for the observed ERK-and p38-MAPK-influenced of H 2 O 2 release in microglia stimulated with MnCl 2 remains to be elucidated, we hypothesize that a slight and initial rise in intracellular ROS (possibly originated from mitochondria, see below) following manganese entry triggers the activation of ERK and p38-MAPK, perhaps similar to that observed for UVB-induced mitochondrial ROS generation and MAPK activation (Rezvani et al., 2007) . Activation of MAPK has been shown to further enhance the production of ROS by mitochondria, thus creating a sefl-feeding loop of MAPK activation of ROS production inside the cells (Emre et al., 2007) . Therefore, inhibition of MAPK activity would reduce the amount of ROS produced (this study; Martins Chaves et al., 2007) . One of the consequences of prolonged elevation of intracellular ROS in microglia leads to the release of ROS in the form of H 2 O 2 that could impact on neurons to induce oxidative stress. Extracellular ROS (i.e., H 2 O 2 ) from MnCl 2 -stimulated microglia (this study), together with the rise in intra-neuronal ROS as a result of direct effect of manganese entry (Donaldson et al., 1982; HaMai and Bondy 2004) will eventually cause the demise of the affected neurons, contributing to the development of the movement disorders in manganesim.
One of the potential molecular mechanisms responsible for the MnCl 2 -stimulated release H 2 O 2 in microglia may be the interference with mitochondrial oxidative phosphorylation. Gavin et al reported that manganese (Mn 2+ ) directly interferes with oxidative phosphorylation through interaction with the F1 ATPase and complex I in the mitochondria (1992 and 1997) . Inhibition of mitochondrial complex I is known to induce ROS generation (Greenamyre et al., 1999; Brookes 2005; Jezek and Hlavata, 2005) . For example, Benard et al detected significant generation of superoxide in mitochondria and accumulation of H 2 O 2 in the cytosol of cells treated with rotenone, a potent complex I inhibitor (2007) . Whether mitochondrial complex I is the direct target of MnCl 2 for H 2 O 2 release in microglia remained to be determined. Furthermore, it should be also pointed out that although DPI and apocynin did not appear to affect the MnCl 2 -stimulated release H 2 O 2 in microglia in this study, the involvement of NADPH oxidase inhibitors could not be ruled completely out. The use of microglia from NADPH oxidase gene knocked out mice will certainly provide additional evidence.
In this study, microglia are more responsive than astroglia to manganese-stimulated release of H 2 O 2 (Fig. 4A) . Whereas further studies are warranted to determine the underlying mechanisms for this difference, the known differential features of these two types of glia may offer some insight. First, astroglia are key to provide trophic support to neurons (Farina et al., 2006) and they appear to have an exceptionally elevated anti-oxidant capacity that can neutralize intracellular ROS without allowing ROS to be released to harm neurons (Langeveld et al., 1996; Sun et al., 2006) . Astroglia can efficiently clear toxins such as methylmercury and peroxides through conjugation with glutathione (Fujiyama et al., 1994; Dringen et al., 1998) . Second, astroglia and microglia may have different capacities to sequester manganese. Astroglia are known to have a high affinity transport system for manganese that may effectively sequester manganese as well as other essential or xenobiotic metals (Aschner et al., 1992; Tiffany-Castiglion and Qian 2001) .
Manganese-induced parkinsonism has distinct features such as primary damage sites, clinical presentations and response to levo-dopa treatment compared to idiopathic PD (Olanow 2004) . Nevertheless, a number of epidemiological studies have suggested that elevated environmental exposure to manganese in early life may promote the development of PD in late life by either increasing overall incidence of PD or reducing the onset age of the disease (Gorell et al., 1997 and Tan et al., 2003; Rachette et al., 2001 and 2005) . This notion may bear more relevance in light of the potential multi-factorial etiology for this complex degenerative disease whereby chronic exposure to multiple environmental agents may promote the disease development process (Kidd 2000; Carvey et al., 2006) . In summary, this study provides evidence that highlights the potential role of microglial activation, through the release of free radicals, in the interaction between manganese and immune cells in the brains. Moreover, this study offers new insight into the potential mechanism of action for manganese-induced neurotoxicity. Time course and concentration-dependence for MnCl 2 -stimulated H 2 O 2 release in HAPI cells. Cells seeded in 96-well culture plates were treated (in quadruplicate) with vehicle control (0), or indicated concentrations of MnCl 2 for indicated timed periods and the amounts of H 2 O 2 in the supernatants were determined as described in the Experimental Procedures. Results are mean ± SEM from three separate experiments. *, p < 0.05; **, p < 0.005 compared to the timematched control cells. Effect of catalase or SOD on MnCl 2 -stimulated H 2 O 2 release in HAPI cells. Cells were pretreated for 15 min with vehicle control, or indicated units (U)/ml of catalase (cat, A) or SOD (B) prior to treatment for 6 hr with MnCl 2 (10 µM) and the amounts of H 2 O 2 in the supernatants were determined. Results are expressed as a percentage of the MnCl 2 -stimulated cells and are mean ± SEM from three experiments performed in quadruplicate. **, p < 0.005 compared to the vehicle-treated control cells; ++ , p < 0.005 compared to the MnCl 2 -treated cells; Effect of inhibitors of NADPH oxidase or MAPK on MnCl 2 -stimulated H 2 O 2 release in HAPI cells. A. Cells were pretreated for 15 min with vehicle control (0.05% DMSO), or indicated concentrations of DPI or apocynin (Apo) prior to treatment for 6 hr with MnCl 2 (10 µM) and the amounts of H 2 O 2 in the supernatants were determined. B-D. Cells were pretreated for 15 min with medium, vehicle (0.05% DMSO), or indicated concentrations of U0126 (U), SB202190 (SB), or SP600125 (SP) prior to treatment for 3 hr with MnCl 2 (10 µM) and the amounts of H 2 O 2 in the supernatants were determined. Results are expressed as a percentage of the MnCl 2 -stimulated cells and are mean ± SEM from three experiments performed in quadruplicate. **, p < 0.005 compared to the vehicle-treated control cells; + , p < 0.05; ++ , p < 0.005 compared to the MnCl 2 -treated cells. MnCl 2 -stimulated H 2 O 2 release in primary microglia. A and B. Primary microglia or astroglia were treated for 6 hr (A) or 24 hr (B) with vehicle control (0), or indicated concentrations of MnCl 2 and the amounts of H 2 O 2 in the supernatants were determined. Results are expressed as a percentage the vehicle-treated cells. C. Primary microglia were pretreated for 15 min with vehicle control (0.05% DMSO), or indicated concentrations of catalase (Cat, U/ml), SOD (S, U/ml), U0126 (U, µM), SB202190 (SB, µM), or SP600125 (SP, µM) prior to treatment for 3 hr with MnCl 2 (10 µM) and the amounts of H 2 O 2 in the supernatants were determined. Results are expressed as a percentage the MnCl 2 -stimulated cells. Data are mean ± SEM from three experiments performed in triplicate. *, p < 0.05; **, p < 0.005 compared to the vehicle-treated control cells; + , p < 0.05; ++ , p < 0.005 compared to the MnCl 2 -treated cells. Time course and concentration dependence for MnCl 2 -stimulated ERK activation in HAPI cells. For time course study (A), cells were left untreated (0) or treated with 10 µM MnCl 2 for the indicated timed intervals. For concentration dependence study (B), cells were stimulated for 3 hr with vehicle control (0) or indicated concentrations of MnCl 2 . Total cellular proteins (20 µg/lane) were separated on 8-16% SDS-PAGE gels, and immuno-blotted for phospho-ERK-p42/p44 (p-ERK) followed by chemiluminescence detection as described in the Experimental Procedures. Images were recorded and quantified with Bio-Rad Quantity One imaging software. Afterwards, the membranes were stripped and re-probed for total ERK (ERK). Presented in the top panels are representative Western blots of phospho-ERK (p-ERK) and corresponding total ERK (ERK) from one experiment. Presented at the bottoms are intensities of the phospho-ERK bands. Results are expressed as a fold increase over that of the control cells (0) and are mean ± SEM from four (A) or three (B) experiments. *, p < 0.05; **, p < 0.005 compared to the vehicle-treated control cells. Effects of U0126 and catalase on the MnCl 2 -stimulated ERK activation in HAPI cells. Cells were pretreated for 15 min with vehicle control (V, 0.05% DMSO), indicated concentrations of U0126 (U; A), or catalase (Cat; B) prior to treatment for 3 hr with 10 µM MnCl 2 . The representative Western blots of phospho-ERK (p-ERK) and corresponding total ERK (ERK) in the top panel were from one experiment. The bar graphs in the bottom panel were intensities of the phospho-ERK bands expressed as a percentage of that of the MnCl 2 -stimulated cells and are mean ± SEM from three experiments. **, p < 0.005 compared to the medium-or vehicle-treated control cells; + , p < 0.05; ++ , p < 0.005 compared to the MnCl 2 -treated cells. Time course and concentration dependence for MnCl 2 -stimulated p38 MAPK activation in HAPI cells. For time course study (A), cells were left untreated (0) or treated with 10 µM MnCl 2 for the indicated timed intervals. For concentration dependence study (B), cells were stimulated for 3 hr with vehicle control (0) or indicated concentrations of MnCl 2 . Total cellular proteins (20 µg/lane) were separated on SDS-PAGE gels and immuno-blotted for phosphop38 MAPK (p-p38). Afterwards, the membranes were stripped and re-probed for total p38 MAPK (p38). Top, representative Western blots of phospho-p38 MAPK (p-p38) and corresponding total p38 MAPK (p38) from one experiment. Bottoms: intensities of the phospho-p38 MAPK bands. Results are expressed as a fold increase over that of the control Effects of SB202190 and catalase on the MnCl 2 -stimulated p38 MAPK activation in HAPI cells. Cells were pretreated for 15 min with indicated concentrations of SB202190 (SB; A), or catalase (Cat; B) prior to treatment for 3 hr with 10 µM MnCl 2 . Control cells were treated with medium with vehicle control (0.05% DMSO). The representative Western blots of phosphop38 MAPK (p-p38) and corresponding total p38 MAPK (p38) in the top panel were from one experiment. The bar graphs in the bottom panel were intensities of the phospho-p38 MAPK bands expressed as a percentage of that of the MnCl 2 -stimulated cells and are mean ± SEM from four (A) or three (B) experiments. **, p < 0.005 compared to the medium-or vehicletreated control cells; + , p < 0.05; ++ , p < 0.005 compared to the MnCl 2 -treated cells.
